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Highlights 
 Wheat genotypes vary in their seedling emergence force  
 Seedling emergence force of wheat genotypes reduces with increasing sodicity 
 Seedling emergence force is correlated to the cross sectional area of the hypocotyl 
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Abstract  
Surface crusting of sodic soils is a major problem in the semi-arid tropics when rapid drying 
after sowing follows light showers, leading to reduced seedling emergence and grain yield. 
The magnitude of the force exerted by germinating seeds affects the ability of the seedlings to 
rupture the crust and emerge. This study aimed to determine whether the seed germination 
and seedling emergence force of wheat (Triticum aestivum L.) seedlings vary among different 
genotypes at different sodicity levels. Germination and emergence force of seedlings of four 
wheat genotypes was determined in assays using four solutions with sodium adsorption ratio 
(SAR) values ranging from 0 to 60. Seed germination and seedling emergence force varied 
between genotypes at different sodicity levels, with the emergence force of the coleoptile 
correlated to the cross sectional area of the hypocotyl. The results suggest that the selection of 
wheat genotypes with rapid germination, higher seedling emergence force and larger 
hypocotyl cross sectional area, offers a strategy to improve seedling emergence in crusted 
sodic soils.  
List of abbreviation  
  
EC 
ESP 
Electrical conductivity 
Exchangeable sodium percentage  
I 
SAR 
Ionic strength 
Sodium adsorption ratio 
TGW Thousand grain weight 
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1 Introduction  
Sodic soils are found throughout the world, with 581 million ha of land affected by sodicity 
[1]. These soils contain low levels of organic matter and have high exchangeable sodium 
percentages (ESPs), often leading to the formation of surface crusts after the soils are brought 
into cultivation [2, 3]. Although sodic soils reduce plant growth through several mechanisms, 
the prevention or reduction of seedling emergence is one of the most important, leading to 
non-uniform stands with sub-optimal population densities [4, 5]. Indeed, soil crusts inhibit the 
emergence of young seedlings even in the presence of adequate soil moisture, oxygen, soil 
temperature and appropriate planting depth [6]. Thus the emergence of small-seeded crops, 
such as wheat (Triticum aestivum L.), can be markedly reduced in soils with surface crusts [7-
10].  
 
The emergence of seedlings from crusted soils depends upon two opposing forces, namely the 
crop seedling emergence force and the soil crust strength [11]. According to Awadhwal and 
Thierstein [6], seedling emergence is restricted by the mechanical resistance of the soil crust. 
Immediately following germination, the seedling is required to grow from its sowing depth to 
the soil surface, during which time (but prior to emergence), the seedling coleoptile is 
required to push or displace the over-laying mechanical obstacles [12-15]. If the force exerted 
by a young seedling is less than the resistance of the crust, the seedling remains beneath the 
crust [6] and does not emerge.  
 
The emergence force exerted by a seedling can be influenced by many factors. Previous 
studies [16, 17] demonstrated that seedling emergence force is correlated with seed 
orientation, cross sectional area of the hypocotyl [18], and seed weight [19], although it is not 
always correlated with seed weight [16, 20, 21]. In a similar manner, the emergence force of 
the seedling also depends upon temperature. For example, the optimum temperature range for 
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wheat germination is between 20 and 25 °C [22]. Seedling emergence force has been [18] 
reported to be dynamically expressed in response to continually changing environmental 
growth conditions.  
 
In a soil with a surface crust, the emergence force exerted by the seedling plays an important 
role in its ability to rupture the crust and emerge satisfactorily [18], and it is known that 
seedlings of the various crops differ in their emergence force. Furthermore, it is known that 
selecting plant species or varieties that are capable of exerting a greater emergence force can 
potentially help to improve crop stands on crusting soil. For example, Souty et al [23] reported 
the emergence force of maize (Zea mays) as 0.6 N, while Chu et al [24] reported an emergence 
force of up to 1.14 N for cotton (Gossypium hirsutum) under optimal temperature and moisture 
conditions, but these authors noted that their result was twice that of other published studies 
because of methodological differences. In another laboratory experiment [11], the median 
seedling emergence force under optimal conditions was 0.70 N (163 kPa) for cowpea (Vigna 
unguiculata), 0.30 N (125 kPa) for maize, 0.18 N (101 kPa) for cotton, 0.05 N (83 kPa) for 
paddy rice (Oryza sativa), and 0.1 N (93 kPa) for wheat. Similarly, Williams [25] examined the 
emergence force of foliage legumes (Fabaceae), which ranged from <0.20 N for alfalfa 
(Medicago sativa) to >0.40 N for some crimson clover (Trifolium incarnatum) cultivars. Goyal 
[26] reported 3.99 N as the mean maximum emergence force of seedlings of soybean (Glycine 
max). Kolp et al [27] reported that wheat cultivars differed in the morphological response of 
the coleoptile to soil compaction. To the best of our knowledge and despite the importance of 
this crop, the extent to which wheat genotypes vary in their emergence force has not been 
reported. Such information is potentially important, as it is possible that seedling emergence 
force could be used to compare the reactions of different cultivars to various stress conditions, 
and to better understand the influence of different stress factors on plant growth response [18]. 
Indeed, various studies have suggested that the adverse effect of soil crust on seedling 
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emergence can be reduced by selection of species and varieties with high seedling emergence 
force [19, 20, 28]. 
 
The present study examined 16 wheat genotypes, comparing their emergence force in 
controlled conditions to determine if genetic variability exists in the ability of the seedling 
coleoptile to push or displace superficial mechanical obstacles. These 16 wheat genotypes 
were selected from those found previously to differ markedly in their growth and crop yield in 
a surface crusting sodic soil in the field [29]. Furthermore, these 16 genotypes have been 
found to differ markedly in their emergence from a surface crusted sodic soil in the 
glasshouse [30]. In the present study, after measuring the emergence force of these 16 
genotypes, we selected four genotypes for further study (Two of these were found to have a 
high seedling emergence force, and two had a low seedling emergence force. We then 
examined the effect of sodium adsorption ratio (SAR) on seedling emergence force of these 
four genotypes. This provided further information on genetic variability in tolerance to 
sodicity. It is anticipated that this information will assist in selecting tolerant wheat genotypes 
to improve crop establishment in surface crusted sodic soils.  
 
2 Methods and Materials  
This study consisted of two main experiments. The first experiment examined the seedling 
emergence force of 16 wheat genotypes commonly grown in Australia in the absence of 
potential growth-limiting factors. For the second experiment, four genotypes from Experiment 
1 were selected because they differed markedly in their emergence force in non-limited 
conditions. These four genotypes were examined for differences in germination and 
emergence force at a range of SAR levels. 
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2.1 Experiment 1: Emergence force of 16 genotypes in the absence of growth-limiting factors 
Experiment 1 used a laboratory-based study to examine the emergence force of 16 wheat 
genotypes (see Table 1 in Ref [31]) using nutrient solutions in the absence of growth-limiting 
factors. All seed samples originated from a harvest site at the Queensland Government 
research farm in Kingsthorpe, Queensland, Australia (27.52 °S, 151.79 °E). Seeds were 
harvested in November 2016 and were stored in a cold room at 7 °C. A week prior to the 
present experiment, seeds were warmed to 22 °C. For each variety, the thousand-grain weight 
(TGW) was estimated from the weight of 200 seeds from five replicate samples. Using digital 
slide callipers, the length and width of the seeds were measured for 50 replicate seeds of each 
genotype.  
 
This experiment was performed in a laboratory, maintained at a constant temperature of 20 
°C. To determine differences in seedling emergence force, 16 wheat genotypes were 
randomly allocated to blocks using a randomised block design with a total of six replicates. A 
mechanical device was developed (Figure 1 and Figure 1 in Ref [31]) to record the force 
exerted by the seed coleoptile. The device consisted of a stainless steel beam of 0.4 mm 
thickness and a width of 20 mm suspended above a seed. A strain gauge was attached to the 
beam to measure the displacement of the beam over time. The wheat seed was placed in a slot 
cut within a piece of foam that was held underneath the stainless steel beam. A 100 mL 
container of 1 mM CaCl2 [ionic strength (I) of 0.003 M L
-1] was placed underneath the foam 
and cotton strings coming out from the foam were placed in the solution. The simple nutrient 
solution contained 1 mM CaCl2 as it is known that a root elongation requires a continuous 
supply of Ca due to its low mobility in the phloem [32, 33]. By using this approach, the foam 
remained moistened and provided a continuous supply of Ca. The wheat seeds were 
germinated inside the foam and grown for total 14 d. When the seedling emerged, it pushed 
against the beam, with the strain gauge measuring the movement of the beam from which the 
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emergence force of the seedling could be calculated. The strain gauge was connected to a data 
logger (Quantum X data acquisition system DA, MX840B, HBM, Germany). To convert 
measured strain to emergence force (N) a calibration was developed, with strain measured at 
loads ranging from 0 to 9 N at 1.0 N intervals (see Figure 2 in Ref [31]).  
 
After completion of the seedling emergence force experiment, each seedling was carefully 
removed from the foam and cleaned to assess the cross-sectional area of the hypocotyl. This 
was measured by collecting images of each seedling using a camera (Canon PowerShot 
SX600 HS 16 MP Ultra-Zoom Digital). The images were analysed to determine the cross-
sectional area using ImageJ (v 1.45s) (available at https://imagej.nih.gov/ij/).  
 
The measured emergence force of each genotype was correlated with the hypocotyl cross 
sectional area as well as with TGW, seed width and length to quantify any significant 
correlation between seed parameters and seedling emergence force.  
 
2.2 Experiments 2 and 3: Effect of SAR on emergence force  
Experiments 2 and 3 were designed to determine the potential impact of SAR on emergence 
force when wheat was grown at non-limiting values of I (salinities). First, we conducted a 
preliminary experiment (Experiment 2) to characterise the influence of SAR and I on 
germination (Experiment 2a) and emergence force (Experiment 2b) of wheat seedlings. For 
this preliminary experiment, we investigated only a single genotype (Spitfire) which was 
selected as it had exhibited high emergence force in Experiment 1. In Experiment 2a, we 
examined a total of 16 treatment solutions, consisting of four I values [25, 50, 300 and 484 
mmol L-1, corresponding to electrical conductivity (EC) values of 0.16, 0.31, 1.24 and 3.0 
dSm-1] and four SAR values (0, 10, 40, and 60) (see Table 2 in Ref [31]). Germination was 
assessed in the laboratory using a Petri dish assay, with 100 seeds of Spitfire placed on filter 
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paper in a Petri dish that had been moistened with 5 mL of the desired treatment solution. 
Each treatment was replicated three times, yielding a total of 48 experimental units which 
were arranged in a randomised block design. The Petri dishes were maintained at 20 °C, 
firstly in the dark for 5 d and then in a light/dark regime (12 h / 12 h) for a further 3 d. 
Germination was assessed by counting the number of germinated seeds after 3 and 6 d. After 
a total of 8 d, seeds without visible swelling due to imbibing water were considered as non-
germinated. In Experiment 2b, we aimed to identify the range of I values that were non-
limiting for emergence force. Using the same 16 solutions from Experiment 2a, emergence 
force was measured for Spitfire as described for Experiment 1, with three replicates per 
treatment. Time to seedling emergence (from the foam, Figure 1) was also monitored for all 
replicates.  
 
The results from Experiments 2a and 2b, indicated that at an SAR value of 0, increasing I 
from 25 mmol L-1 (0.27 N emergence force) to 50 mmol L-1 (0.27 N emergence force) 
(corresponding EC values being from 0.15 to 3.0 dSm-1) did not have a marked adverse effect 
on either germination or on emergence force (see Results). However, at ionic strength of 300 
mmol L-1 and above, seedling emergence force was significantly reduced. Based upon these 
preliminary results, Experiment 3 was designed to examine the impact of SAR on germination 
(Experiment 3a) and emergence force (Experiment 3b) at non-limiting values of I. We 
examined four SAR treatments (0, 10, 40 and 60) at a level of I  identified in Experiment 2 as 
non-limiting to germination and emergence (25 mmol L-1, EC of 0.16). Four wheat genotypes 
were selected using the results from Experiment 1, so that two had a comparatively low 
emergence force (Baxter and EGA Gregory) and two (Spitfire and Ventura) had a 
comparatively high emergence force in the absence of limiting I or SAR. The effect of SAR 
on germination and seedling emergence force for these four wheat genotypes was then 
examined in all four solution treatments using the same method described for Experiment 1 
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and Experiment 2. For Experiment 3, these four genotypes were placed with four different 
solutions using a randomised block design with two replicates of each treatment in 
Experiment 3a and four replicates in Experiment 3b.  
 
After completion of the seedling emergence force experiment, cross-sectional area of the 
hypocotyl of each seedling was measured using the similar method described in Experiment 
1. 
 
2.3 Statistical Analysis 
Linear mixed models were employed to analyse the data using the residual maximum 
likelihood procedure [34] via the ASReml-R package [35] in the R software environment 
[36].  
 
For each experiment, the explanatory variables (genotype, SAR, I) were treated as fixed 
effects while replicate block effects were considered as random. Hence, the predictions of the 
treatment effects obtained from the model for each of the experiments were provided as 
empirical best linear unbiased estimates (eBLUEs). Significance of treatment and interaction 
effects were tested via Wald tests using an approximate F-statistic. Comparisons of significant 
treatments was performed using Fisher’s protected least significant difference (LSD) test. A 
5% significance level was used for both Wald and LSD tests. 
  
In Experiments 1 and 3b, there were some seedlings which did not emerge. Hence, emergence 
force values and hypocotyl cross sectional area were available for from three to five replicates 
of each genotype in Experiment 1. Similarly, for Experiment 3b, values were available for 
from two to three replicates of each treatment combination of genotype and SAR and 
hypocotyl cross sectional area for two replicates from each treatment combination. Due to the 
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imbalance in the total number of replicates for each treatment combination, the LSD values 
calculated in Experiments 1 and 3b are approximate since it is the average LSD of all pairwise 
treatment combinations. For the analysis of emergence proportion at 3, 6 and 8 d in 
Experiment 2a, an arcsine transformation was used to meet the assumption of homogeneity of 
variance. The transformation is calculated by  
𝑠𝑖𝑛−1(√
𝑝
100
)               0 < 𝑝 < 100 
where 𝑝 is the germination percentage. 
 
3  Results:  
3.1 Experiment 1: Emergence force of 16 genotypes in the absence of growth-limiting factors 
Significant differences (P<0.001) were observed between the emergence forces of the 16 
wheat genotypes when grown in a simple nutrient solution, varying almost five-fold from 
0.07 to 0.36 N (Figure 2). The genotypes Ventura, Viking, Seri and Spitfire were found to 
have a relatively higher emergence force than the other genotypes (mean emergence force 
>0.18 N). Genotypes Corack, Batavia, Wyalkatchem, Impala, Krichauff, Dharwar and Lancer 
tended to have intermediate emergence force (0.11 to 0.17 N), while EGA Gregory, Aurora, 
Baxter, Mitch and Axe had low emergence forces (ranging from 0.07 to 0.10 N) (Figure 2).  
 
Significant differences (P<0.001) were also observed between the hypocotyl cross sectional 
area  of the 16 wheat genotypes when grown in a simple nutrient solution of 1 mM CaCl2, 
varying almost three fold from 1.26 to 3.45 mm2 (Figure 3). The genotypes Ventura, Viking, 
Seri and Spitfire have relatively large hypocotyl cross sectional area compared to the other 
genotypes (mean hypocotyl area > 2.88 mm2). Genotypes Krichauff, Lancer, EGA Gregory, 
Batavia, Dharwar and Impala tended to have intermediate hypocotyl cross sectional area (1.91 
to 2.58 mm2), while Wyalkatchem , Aurora, Mitch, Axe, Baxter and Corack had low 
hypocotyl cross sectional area (1.26 to 1.74 mm2, Figure 3). 
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A positive relationship was observed between hypocotyl cross sectional area and seedling 
emergence force of the 16 wheat genotypes (R2=0.54, Figure 4). However, despite the wide 
variation in emergence force between the 16 genotypes, there was no significant relationship 
between emergence force and TGW (R2=0.001), seed width (R2=0.03) or seed length 
(R2=0.004, Figures not presented). 
 
3.2 Experiment 2: Selection of solution I for germination and emergence force 
In Experiment 2a, that examined the influence of I and SAR on germination rate of wheat 
genotype Spitfire, a low I (25 mmol L-1, EC of 0.16 dSm-1), was observed to lead to high rates 
of germination after 3 d, and increasing SAR from 0 to 60 did not influence this at low I 
(Figure 5). As I was increased from 25 to 300 mmol L-1 (EC of 1.24 dSm-1), germination of 
Spitfire remained high (99%) at an SAR value of 0 (Figure 5). However, at a high I value of 
300 mmol L-1, increases in SAR were observed to slow down the germination process of 
Spitfire, such that at an SAR value of 60, the germination rate decreased to 62% after 3 d 
(Figure 5). At the highest I value of 484 mmol L-1 (EC of 3 dSm-1), the germination process of 
Spitfire was markedly slowed and the germination rate was reduced at all SAR values 
including at an SAR value of 0 (Figure 5).  
 
In Experiment 2b, that examined the impact of I (salinity) and SAR on time to emergence and 
seedling emergence force of Spitfire, it was found that there was a significant difference 
between the SAR treatments (P=0.041) and between I=25 and I=50 mmol L-1 (P<0.001). 
Changes in I had a relatively large impact upon the time to emergence compared to SAR.  
SAR had less effect compared to I, (Table 1) with a significantly later emergence time 
observed only for SAR = 60 (mean time to emergence 8.21 d) while from SAR 0 to 40, mean 
time to emergence was 7.38 d (Table 1) for I value of 25 and 50 mmol L-1.  At an I value of 
300 mmol L-1, the time to emergence of Spitfire was 9.21 d at an SAR of 0. Time to 
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emergence could not be recorded at the three higher SAR values (10, 40 and 60) for I of 300 
mmol L-1 and at all four SAR values for I of 484 mmol L-1 as the seedlings did not emerge 
from the foam. 
 
At an I of 300 mmolL-1 and over, germination of Spitfire was completely inhibited except at I 
= 300 mmol L-1 and an SAR value of 0 where seeds germinated on day 9 for all three replicates. 
When the impact of I and SAR on emergence force was examined, it was found that there was 
a significant SAR effect (P=0.044) as well as a difference between I = 25 mmol L-1 and I = 50 
mmol L-1 (P<0.001). At an I value of 25 mmol L-1, the estimated emergence force across all 4 
SAR treatments was 0.22 N as opposed to 0.20 N at an I value of 50 mmol L-1 (Table 2).   
 
Seedling emergence force of Spitfire decreased when the SAR became greater than 0 (Table 
2). At an I value of 300 mmol L-1 (EC of 1.24 dSm-1), the emergence force of Spitfire 
decreased to 0.20 N at an SAR of 0, and emergence force could not be measured at the three 
higher SAR values (10, 40 and 60) as the seedlings did not emerge from the foam. At an I 
value of 484 mmol L-1, emergence force could not be measured for any SAR treatment 
because no seedlings had emerged from the foam.  
 
3.3 Experiment 3: Effect of SAR on seedling germination and emergence force 
It was found that increasing the SAR from 0 to 60 tended to decrease the germination of all 
four genotypes tested (Figure 6), when measured after 3 d. For example, Ventura and Spitfire 
(which had a high emergence force, Figure 2) had a germination rate of 77% (Ventura) and 
100% (Spitfire) at SAR 0 after 3 d, but this decreased to 56% (Ventura) and 62% (Spitfire) at 
an SAR value of 60. For the genotypes that had a low emergence force (Baxter and EGA 
Gregory, Figure 2), it was first noticed that they tended to have a lower rate of germination 
after 3 d compared to both Spitfire and Ventura, with Baxter having 44% germination and 
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EGA Gregory having 52% germination at SAR 0 (Figure 6). It was also noted that although 
increasing SAR decreased germination, the magnitude of this decrease was less for Gregory 
and Baxter after 3 d. For example, although increasing the SAR from 0 to 60 decreased the 
germination rate from 77 to 56 % (21%) for Ventura and from 100 to 62 % (38%) for Spitfire 
after 3 d, the corresponding decreases were from 45 to 35% (10%) for Gregory and from 52 to 
37 % (15%) for Baxter (Figure 6). When measured after 6 d, seed germination was not greatly 
affected by increased solution SAR for any of the four genotypes (Figure 6).  
 
When the effect of SAR on emergence force was examined, it was observed that, as expected 
for Experiment 1, at an SAR value of 0, the emergence force for Ventura (0.28 N) and Spitfire 
(0.33 N) was markedly higher than for either EGA Gregory (0.10 N) or Baxter (0.11 N) 
(Figure 7). There was a significant interaction effect between genotype and SAR (P<0.001). 
It was also observed that the emergence force for all four genotypes decreased with increasing 
SAR (Figure 7). Across all four genotypes, the absolute magnitude of the decrease was 
similar, ranging from 0.33 N (averaged over four genotypes) for SAR value 0 to 0.02 N 
(averaged over four genotypes) for SAR value 60 (Figure 7). However, when expressed on a 
percentage basis, the reduction in emergence force caused by increasing SAR from 0 to 60 
was greater for Baxter (72% reduction) and EGA Gregory (79 % reduction) than for Spitfire 
(32 % reduction) and Ventura (19 % reduction) (Figure 7). The threshold SAR value at which 
this decrease in emergence force occurred varied depending upon the genotype, with Ventura 
having the lowest threshold value whilst Baxter had the highest (Figure 7). 
 
In Experiment 3, when differences in the hypocotyl cross sectional area were considered, it 
was found that there were significant differences among the four genotypes (P<0.05, Figure 
8). Specifically, the two genotypes that had a higher emergence force, Spitfire (2.2 to 3.8 
mm2) and Ventura (2.2 to 4.2 mm2) tended to have a larger hypocotyl cross sectional area 
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compared to Baxter (1 to 1.8 mm2) and Gregory (1.4 to 2.5 mm2) (Figure 8). It was also found 
that there was a significant interaction effect between the genotypes and SAR (P=0.027), with 
all four genotypes showing different magnitude of decrease in the hypocotyl cross sectional 
area when the SAR was increased from 0 to 60. For example, an increase in SAR from 0 to 10 
resulted in a statistically significant decrease in hypocotyl cross sectional area for Ventura, 
but the hypocotyl cross sectional area of Baxter did not decrease markedly from 0 to 40, but 
only when SAR was increased from 40 to 60 (Figure 8).   
 
A positive relationship was observed between hypocotyl cross sectional area and seedling 
emergence force of these four wheat genotypes (Baxter, R2= 0.45; EGA Gregory, R2=0.69; 
Spitfire, R2= 0.79 and Ventura, R2=0.77, Figure 9).   
 
3.4 Increased emergence force increased emergence from crusted soils 
Although we have observed marked variation in emergence force between wheat genotypes, it 
is necessary to consider if this is likely to correspond to differences in the emergence of 
seedlings from crusted soils in the field. In this regard, the 16 genotypes that we examined in 
the present study have been examined previously, and we selected them because their 
performance in sodic soils differs substantially [30]. Comparing our data with that of 
Anzooman et al [30], suggests that genotypes with a high emergence force also tended to have 
higher emergence from a crusted soil (Table 3). For example, in the study of Anzooman [30], 
Spitfire had an average emergence of 75% and Ventura 66%, while Baxter had <17% and 
EGA Gregory had <4%. This compares favourably to the present study, where the emergence 
force values for Spitfire (0.22 to 0.33 N) and Ventura (0.23 to 0.28 N) were markedly higher 
than those of Baxter (0.03 to 0.11 N) and EGA Gregory (0.02 to 0.1 N) (Figure 7). 
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4 Discussion  
The aim of this study was to investigate the potential genetic variation in seedling emergence 
force within wheat genotypes, as this is potentially important in influencing the ability of 
seedlings to emerge from crusted soils. We found significant differences (P<0.001) between 
the seedling emergence force of 16 wheat genotypes. It was also found that the kinetics of 
seed germination and seedling emergence force were influenced when measured in the 
presence of SAR and salinity (I) treatments.  
 
4.1 Wheat genotypes varied markedly in emergence force in non-limiting conditions 
(Experiment 1) 
Significant variation was observed between the emergence forces of the 16 wheat genotypes, 
with values varying almost five-fold from 0.07 N for EGA Gregory to 0.34 N for Viking 
(P<0.001, Figure 2). The values reported for emergence force in the present study are 
consistent with those reported previously, with Bouaziz et al. [37] reporting that the 
maximum force exerted by the wheat coleoptile (cv. ‘Nesma 149’) was about 0.3 N. 
However, in the present study, we have shown that there is marked variation between 
genotypes.  Additionally, genotypes having a high emergence force (e.g. Viking, Seri, 
Ventura, Spitfire) had a greater potential to push or displace superficial mechanical obstacles 
such as the surface crust of a soil compared with genotypes having a lower emergence force 
(e.g. Axe, Mitch, Baxter, Aurora, EGA Gregory). The breeding of cultivars with a higher 
emerging force under stressed conditions can potentially minimize the adverse effects of soil 
surface crusting through increasing crop emergence [18].  
 
Given the marked variation in emergence force across the 16 genotypes, we examined 
whether this was related to seed properties. However, no significant relationship was found 
between the seedling emergence force and seed weight, width, or length. This finding is in 
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agreement with that reported by Prihar and Aggarwal [21] who, studying maize, found no 
relationship between seedling emergence force and seed weight or size. However, our 
findings are in contrast to other reports for cowpea, maize and cotton [11], as well as for 
maize only [17] where it was found that there was a positive relationship between seed weight 
and emergence force. Indeed, Williams [25] stated that variation in emergence force among 
species can occur due to differences in the hydrolysable carbohydrate reserves within the 
seed, with larger seeds containing more reserves for emergence. However, our results suggest 
that seed weight, width and length cannot be used to identify such variation in emergence 
force in wheat plants.  
 
4.2 Increasing SAR decreased germination and emergence force (Experiment 3) 
The primary factor reducing plant growth in sodic soils is the detrimental impact that excess 
Na has on the soil physical properties that includes the formation of surface crusts. However, 
in the present study, we also examined whether the excess Na (expressed as SAR) has a 
chemical impact by reducing either the germination rate or the emergence force of the 
seedlings, and observed that the germination rate after 3 d decreased markedly when solution 
SAR increased from 0 to 60 (Figure 6). However, when germination was assessed after 6 d, 
the germination rate was similar irrespective of the SAR (Figure 6). Thus, for all four 
genotypes, it was observed that increasing SAR resulted in a delay in germination. Our results 
are similar to those reported previously, where increases in soil ESP, or the soil solution SAR, 
reduced or delayed seed germination in sodic soils [38]. However, the tolerance of crop 
species or genotypes in sodic conditions varies widely [29, 30, 38]. 
 
We then examined if the SAR value influenced the emergence force. As expected, it was 
found that the comparatively tolerant genotypes (Spitfire and Ventura) had a greater 
emergence force than the sensitive genotypes (Baxter and EGA Gregory) across all SAR 
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treatments. However, the threshold SAR value that caused a reduction in emergence force 
differed between the four genotypes (Figure 7).  
 
4.3 Emergence force is positively correlated to cross-sectional area of hypocotyl 
Within each genotype, a positive relationship was obtained between seedling emergence force 
and hypocotyl cross sectional area of individual seedlings both in a simple nutrient (Figure 4) 
and in various SAR (0 to 60) solutions (Figure 9). However, genotypes with a higher 
emergence force had a closer correlation with hypocotyl cross sectional area (Spitfire, 
R2=0.79; Ventura, R2=0.77) than genotypes with a comparatively lower emergence force 
Baxter (R2=0.45) and EGA Gregory (R2=0.65, Figure 9).  This finding is supported by Gerard 
[18] who found a significant linear relationship (R2 = 0.95) between emergence force and 
hypocotyl cross sectional area of cotton seedlings. The greater reserves in the larger hypocotyl 
might have the potential to produce a stronger seedling with a greater emergence force [39].  
 
4.4 Genotypes with increased emergence force and greater hypocotyl cross sectional areas 
have previously exhibited improved emergence from crusted soils 
The findings of the present study indicate that the selection of wheat genotypes with higher 
emergence force and greater hypocotyl cross sectional areas may lead to better emergence 
from surface crusted sodic soils in the field. For example, in the study of Anzooman et al [30], 
Spitfire had an average emergence of 75% and Ventura 66%, while Baxter had <17% and 
EGA Gregory had <4%. This compares favourably to the present study, where the emergence 
force values for Spitfire (0.22 to 0.33 N) and Ventura (0.23 to 0.28 N) were markedly higher 
than those of Baxter (0.03 to 0.11 N) and EGA Gregory (0.02 to 0.10 N) (Figure 7). The 
cross-sectional area of Spitfire (2.27 to 3.88 mm2) and Ventura (2.19 to 4.19 mm2) are also 
higher than those of Baxter (1.05 to 1.85 mm2) and EGA Gregory (1.46 to 2.15 mm2, Figure 
8). Thus, indicating the potential importance of this trait. However, there still exists a 
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possibility that seedling emergence through soil crusts may also be related to other properties 
of seeds that were not evaluated either in this study or in the study of Anzooman et al [30], 
such as root traits could include coleoptile elongation rate of seedlings and/or phosphorus 
concentration in the seeds [22]. Furthermore, field-based studies are needed to verify these 
observations, and to determine the impact of emergence rates on final yield in surface crusted 
sodic soils. 
 
5 Conclusion  
The results of the current study indicate that wheat seedling emergence can be increased and 
the surface crusting effects of sodic soils on seedling emergence reduced by i) identifying and 
developing genotypes that exert more emerging force, and ii) developing genotypes that 
develop a thicker pushing hypocotyl under stress. Seedling emergence force measurements 
seem to be an excellent expression of growth conditions. Further study is required to 
determine whether genetic variation for any other traits could assist to improve seedling 
emergence in surface crust forming sodic soils.  
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 Figure 1. Experimental design to measure seedling emergence force
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Figure 2. The emergence force for 16 wheat genotypes in Experiment 1. There were significant 
differences between genotypes (P<0.001), with the vertical bars showing the LSD between 
genotypes. Values inside the bars represent the number of seeds germinated out of six replicates 
of each genotype sown (Experiment 1). Results were analysed based on the germinated seeds 
only. 
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 Figure 3. Hypocotyl cross sectional area of 16 wheat genotypes in Experiment 1. There were 
significant differences between genotypes (P<0.001), with the vertical bars showing the LSD 
between genotypes. Values inside the bars represent the number of seeds germinated out of six 
replicates of each genotype sown (Experiment 1). Results were analysed based on the 
germinated seeds only. 
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Figure 4.  Correlation between seedling emergence force and hypocotyl cross sectional area of 
16 wheat genotypes using the raw data (R2= 0.54), Experiment 1. 
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Figure 5. Germination of wheat genotype Spitfire for the I by SAR interaction effect after 3, 6 
and 8 d (Experiment 2a). There was a significant interaction for 3 d (P <0.001) but not for 6 d 
(P=0.113). Hence, the interaction effect was removed from the model for 6 d. However, there 
was a significant I effect (P<0.001) and SAR effect (P<0.001) for 6 d. There was also a 
significant SAR effect at 8 d and I = 484 mmol L-1 (P<0.001). The vertical bars represent the 
LSD values for comparisons within 3, 6 and 8 d respectively.
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 Figure 6. Germination for the four wheat genotypes by SAR interaction effect after 3 and 6 d 
(Experiment 3a). There was a significant interaction for 3 d (P <0.001) but not for 6 d 
(P=0.167). Hence, the interaction effect was removed from the model for 6 d. However, there 
was a significant genotype effect for 6 d (P<0.001) with Baxter having a significantly lower 
germination percentage than all other genotypes. The vertical bar in the bottom left corner 
represents the LSD values for comparisons within 3 d.  AC
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Figure 7. Emergence force of four wheat genotypes in four SAR solutions (Experiment 3b). 
There was a significant interaction effect between genotype and SAR (P<0.001). The vertical 
bar on the left indicates the LSD value for comparisons between treatments. 
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Figure 8. Hypocotyl cross sectional area of four wheat genotypes in the four SAR solutions 
(Experiment 3b). There was a significant interaction effect between genotype and SAR 
(P=0.027). The vertical bar on the left indicates the LSD value for comparisons between 
treatments.  
 
 
 
AC
CE
PT
ED
 M
AN
US
CR
IPT
  
 
Figure 9. Correlation between seedling emergence force and hypocotyl cross sectional area of 
four wheat genotypes using the raw data (Baxter, R2= 0.45; EGA Gregory, R2=0.69; Spitfire, 
R2= 0.79 and Ventura, R2=0.77), Experiment 3.  
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Table 1. Time to emergence of Spitfire (Experiment 2b) for each SAR treatment and I = 25 
and I = 50 mmol L-1. The interaction effect was not significant and therefore the SAR and I 
main effects are also presented along with the LSD values. There was a significant difference 
between the SAR treatments (P=0.041) and there was a significant difference between I = 25 
and I = 50 mmol L-1 (P<0.001) 
SAR Time to emergence (d)  Mean (LSD=0.66) 
I = 25 I = 50 I=300 
0 6.31 8.35 9.21 7.33 
10 6.31 8.35  7.33 
40 6.48 8.52  7.50 
60 7.23 9.27  8.21 
Mean (LSD=0.47) 6.58 8.61    
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Table 2. Seedling emergence force of Spitfire (Experiment 2b) for each SAR treatment and I 
= 25 and I = 50 mmol L-1. The interaction effect was not significant and therefore the SAR 
and I main effects are also presented along with the LSD values. There was a significant 
difference between the SAR treatments (P=0.044) and there was a significant difference 
between I=25 and I=50 mmol L-1 (P<0.001). 
SAR Seedling emergence force (N)   Mean 
(LSD=0.008) I = 25 I = 50 I=300 
0 0.22 0.21 0.20 0.21 
10 0.22 0.20  0.21 
40 0.21 0.20  0.21 
60 0.21 0.20  0.20 
Mean 
(LSD=0.006) 
0.22 0.20    
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Table 3. Comparing the emergence for four genotypes from Anzooman et al [30] from a 
crusted soil with the values from the current study for emergence force at SAR = 10 and 
hypocotyl cross sectional area at SAR = 10 (Experiment 3b). The emergence values were 
determined from six replicates for genotypes Baxter, Spitfire and Ventura and 26 replicates 
for EGA Gregory [30]. 
 
 
 
 
 
a final emergence of wheat genotypes from a sodic soil with a surface crust [30] 
b Emergence force and hypocotyl cross sectional area of wheat genotypes obtained from the 
current study. 
 
Genotype Emergencea 
(%) 
Emergenceb 
force (N) 
Hypocotyl crossb 
sectional area (mm2) 
Baxter  <17 0.11 1.37 
EGA Gregory <4 0.10 2.49 
Spitfire  75 0.33 3.88 
Ventura 66 0.25 3.46 
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